Hepatitis C virus (HCV) is a major cause of chronic liver disease and is highly dependent on cellular proteins for virus propagation. To identify the cellular factors involved in HCV propagation, we recently performed protein microarray assays using the HCV nonstructural 5A (NS5A) protein as a probe. Of 90 cellular protein candidates, we selected the soluble resistance-related calcium-binding protein (sorcin) for further characterization. Sorcin is a calcium-binding protein and is highly expressed in certain cancer cells. We verified that NS5A interacted with sorcin through domain I of NS5A, and phosphorylation of the threonine residue 155 of sorcin played a crucial role in protein interaction. Small interfering RNA (siRNA)-mediated knockdown of sorcin impaired HCV propagation. Silencing of sorcin expression resulted in a decrease of HCV assembly without affecting HCV RNA and protein levels. We further demonstrated that polo-like kinase 1 (PLK1)-mediated phosphorylation of sorcin was increased by NS5A. We showed that both phosphorylation and calcium-binding activity of sorcin were required for HCV propagation. These data indicate that HCV modulates sorcin activity via NS5A protein for its own propagation.
H
epatitis C virus (HCV) is a major causative agent of non-A, non-B hepatitis. HCV infection often leads to chronic hepatitis, liver cirrhosis, and ultimately hepatocellular carcinoma (HCC) (1) . HCV belongs to the member of the Hepacivirus genus within the Flaviviridae family. HCV is an enveloped virus with a positive-sense, single-stranded RNA genome of ϳ9.6 kb. Its genome encodes a single polyprotein precursor of more than 3,000 amino acids, which is cleaved by both host and viral proteases at the endoplasmic reticulum (ER), yielding structural (core, E1, and E2) and nonstructural (p7 and NS2 to NS5B) proteins (2) . The nonstructural 5A (NS5A) protein is a phosphoprotein consisting of 447 amino acid residues. NS5A exists in two forms of polypeptide, p56 and p58, which are phosphorylated at serine residues by cellular kinase (3) , and phosphorylation regulates the HCV life cycle (4) . NS5A protein forms a part of the HCV RNA replication complex (5) and is involved in liver pathogenesis (6) . NS5A is a multifunctional protein that regulates RNA replication, interferon (IFN) resistance, and a variety of cellular signaling pathways (7) (8) (9) (10) . Furthermore, NS5A is involved in the assembly and maturation of infectious viral particles. Nevertheless, how NS5A participates in virus production has not yet been fully demonstrated.
Soluble resistance-related calcium-binding protein (sorcin) is a 21.6-kDa calcium-binding protein that belongs to the penta-EFhand family (11) . Sorcin maintains a high level of calcium in the ER through calcium channels and exchangers located at the plasma membrane and at the ER/sarcoplasmic reticulum (SR).
Sorcin regulates calcium levels by interacting with the ryanodine receptor and SR calcium transport ATPase (SERCA) located in the ER (12) . Sorcin activates calcium-ATPase-mediated Ca 2ϩ uptake and restores SR Ca 2ϩ content, plays a crucial role in Ca 2ϩ homeostasis, and prevents ER stress (13) (14) (15) . Sorcin undergoes Ca 2ϩ -dependent conformational changes and translocation from the cytosol to membranes, where it binds to many target proteins including serine-threonine kinase. Sorcin is phosphorylated by the polo-like kinase (PLK1) (16) , cyclic AMP (cAMP)-dependent protein kinase (PKA), and calcium-calmodulin dependent kinase II (CaMKII) (17) . Phosphorylation of sorcin by PKA inhibits ryanodine receptor activity. Sorcin is differentially expressed in cancer cells and plays an important role in multidrug resistance (MDR) (18, 19) . Interestingly, foot-and-mouth disease virus (FMDV) VP1 interacts with sorcin and suppresses tumor necrosis factor alpha (TNF-␣) or the Sendai virus (SeV)-induced type 1 interferon response to escape host immune surveillance (20) . In addition, sorcin is identified as an antiviral factor involved in a late step of the replication cycle of HCV (21) . However, the functional role of sorcin in HCV propagation has not been studied yet.
We recently performed protein microarray analysis to identify host factors interacting with HCV NS5A (22) . In the present study, we selected sorcin for further characterization. Protein binding between NS5A and sorcin was verified by both in vitro and coimmunoprecipitation assays. Silencing of sorcin expression resulted in a decrease of HCV infectivity but not of HCV RNA and protein levels. We further showed that sorcin was involved in the assembly step of the HCV life cycle. These data suggest that sorcin is a novel host factor involved in HCV propagation.
MATERIALS AND METHODS
Plasmid constructions and DNA transfection. Total RNAs were isolated from Huh7.5 cells by using RiboEx (GeneAll), and full-length sorcin was amplified by a primer set (sense, 5=-AAG GTA CCA TGG CGT ACC CGG GGC AT-3=; antisense, 5=-CCG CGG CCG CGA ACA CTC ATG ACA CAT-3=) from cDNA synthesized by using a cDNA synthesis kit (Toyobo) according to the manufacturer's instructions. PCR products were inserted into the NotI and KpnI sites of plasmid pEF6/V5-HisB (Invitrogen). A pEF6B V5-tagged HCV small interfering RNA (siRNA)-resistant sorcin mutant (pEF6/V5-sorcin-Res) was constructed by introducing three mutations at the siRNA binding site using a site-directed mutagenesis kit (Enzynomics). The phosphorylation-defective T155A sorcin mutant, phosphomimetic T155D sorcin mutant, and calcium-binding-defective F112L sorcin mutant were constructed by PCR-based mutagenesis, and each construct was inserted into the corresponding enzyme sites of the plasmid pEF6/V5-HisB. All DNA transfections were performed by using polyethyleneimine (Sigma-Aldrich) as we described previously (23) .
Antibodies and chemical. Antibodies were purchased from the following sources: sorcin antibodies were from Santa Cruz and Abcam, c-Myc antibodies were from Santa Cruz, ␤-actin antibodies were from Sigma-Aldrich, and V5 antibodies were from Invitrogen; HCV core, NS3, and NS5A antibodies have been described elsewhere (22) . BI2536, a PLK1 inhibitor, was purchased from Selleck Chem.
Cell culture. All cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 100 units/ml of penicillin-streptomycin in 5% CO 2 at 37°C. Huh7 cells harboring HCV subgenomic replicon derived from genotype 1b and IFNcured cells were grown as reported previously (23) .
GST pulldown assay. A glutathione S-transferase (GST)-sorcin fusion protein was expressed in Escherichia coli BL21 and purified with glutathione-Sepharose 4B beads (Amersham Biosciences) according to the manufacturer's instructions. HEK293T cells were transfected with the pEF6B Myc-tagged NS5A plasmid. At 36 h after transfection, cells were harvested in lysis buffer. The cell lysates were centrifuged at 13,500 rpm for 15 min, and then the protein concentration was determined by the Bradford assay (Bio-Rad). For an in vitro binding assay, Myc-tagged NS5A was incubated with either GST or a GST-sorcin fusion protein for 2 h at 4°C in cell lysis buffer. The samples were washed five times in lysis buffer, and then bound protein was detected by immunoblot assay.
Luciferase reporter assay. For a dual-luciferase reporter assay, Huh7.5 cells were cotransfected with a pRL-HL plasmid containing the Renilla luciferase gene under the cytomegalovirus (CMV) promoter and the firefly luciferase gene under the control of the HCV internal ribosome entry site (IRES) and the plasmid indicated in the figures together with the pCH110 reference plasmid. At 48 h after transfection, cells were harvested, and then luciferase assays were performed as we described previously (22) .
MTT assay. Approximately 1.5 ϫ 10 4 cells seeded on 24-well plates were transfected with the siRNAs indicated in the figures. Cell viability was determined by using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma) assay according to the manufacturer's protocol.
Immunoblot analysis. Cells were washed twice with phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.5], 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na 3 VO 4 , and 1 mM phenylmethylsulfonyl fluoride [PMSF]) for 15 min on ice and centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was collected, and equal amounts of protein were subjected to SDS-PAGE and electrotransferred to a nitrocellulose membrane. The membrane was blocked in Tris-buffered saline (TBS)-Tween (20 mM Tris-HCl [pH 7.6], 150 mM NaCl, and 0.25% Tween 20) containing 5% nonfat dry milk for 1 h and then incubated with the antibodies indicated in the figures. Proteins were detected using an ECL kit (Abfrontier).
Quantification of RNA. Total RNAs were isolated from cells using RiboEX reagent (GeneAll) according to the manufacturer's instructions. cDNAs were synthesized by using a cDNA synthesis kit (Toyobo) according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) experiments were performed using the following primers: for HCV, 5=-TTA GTA TGA GAG TCG TAC AGC CTC CAG-3= (sense) and 5=-GGC ATA GAG TGG GTT TAT CCA AGA AAG G-3= (antisense); for ␤-actin, 5=-TGA CAG CAG TCG GTT GGA GCG-3= (sense) and 5=-GAC TTC CTG TAA CAA CGC ATC TCA TA-3= (antisense); for sorcin, 5=-TCC GCT GTA TGG TTA CTT TC-3= (sense) and 5=-GGT GAT CTT TCC ATT GGT G-3= (antisense). qRT-PCR experiments were done using a CFX Connect real-time system (Bio-Rad Laboratories, Hercules, CA) under the following conditions: 15 min at 95°C, followed by 40 cycles of 95°C for 20 s, 55°C for 20 s, and 73°C for 20 s. Seventy-one cycles of 10 s, with 0.5°C temperature increments from 60°C to 95°C, were used for the melting curves.
Immunoprecipitation. HEK293T cells were cotransfected with V5-tagged sorcin, Myc-tagged NS5A, and Flag-tagged PLK1 plasmids. Total amounts of DNA were adjusted by adding an empty vector. At 48 h after transfection, cells were harvested, and an immunoprecipitation assay was performed as we described previously (24) .
RNA interference. siRNAs targeting sorcin (sorcin siRNA 1, 5=-CUC AGG AUC CGC UGU AUG G-3= [sense] and 5=-CCA UAC AGC GGA UCC UGA G-3= [antisense]; sorcin siRNA 2, 5=-AAU GCU GGA UAG AGA UAU GUC-3= [sense] and 5=-GAC AUA UCU CUA UCC AGC AUU-3= [antisense] ) and the universal negative-control siRNA were purchased from Bioneer (South Korea). An siRNA targeting the 5= nontranslated region (NTR) of the Jc1 virus (5=-CCUCAAAGAAAAACCAAACU U-3=) was used as a positive control (24) . siRNA transfection was performed using Lipofectamine RNAiMax reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
Immunofluorescence assay. Huh7.5 cells grown on cover slides were fixed with 4% paraformaldehyde in PBS for 15 min and then permeabilized with 0.1% Triton X-100 in PBS for 10 min at 37°C. After three washes with PBS, fixed cells were blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature. The cells were then incubated with an anti-V5 monoclonal antibody and a rabbit anti-NS5A antibody. After three washes with PBS, cells were incubated with either fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG or tetramethylrhodamine isothiocyanate (TRITC)-conjugated donkey anti-rabbit IgG for 1 h at room temperature. Cells were counterstained with 4=,6-diamidino-2-phenylindole (DAPI) to label nuclei. After three washes with PBS, cells were analyzed using a Zeiss LSM 700 laser confocal microscopy system (Carl Zeiss, Inc., Thornwood, NY).
Protease protection assay. A protease protection assay was performed as reported previously (25) . Briefly, Huh7.5 cells were infected with the Jc1 virus. At 48 h postinfection, cells were transfected with the siRNAs indicated in the figures. At 48 h after transfection, cells were harvested in buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM CaCl 2 , and 1 mM dithiothreitol (DTT). Cells were then subjected to five cycles of freezing and thawing. Crude cell lysates were either left untreated or treated with 0.5 g/ml proteinase K (Roche, Mannheim, Germany) for 1 h on ice or treated with 5% Triton X-100 prior to proteinase K treatment. Proteinase K digestion was terminated with the addition of 5 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich) for 10 min on ice. The amount of protease-resistant core was determined by immunoblot assay.
Statistical analysis. Data are presented as means Ϯ standard deviations (SDs). Student's t test was used for statistical analysis. The asterisks on the figures indicate significant differences, as noted in the legends.
RESULTS
Sorcin is identified as a host factor interacting with NS5A protein. We recently performed a protein microarray assay using the NS5A protein as a probe to identify cellular proteins interacting with NS5A (22) . Statistically significant proteins were determined as NS5A interactors. Sorcin was identified as one of 90 candidates (Fig. 1A) . Sorcin is a protein that participates in the regulation of calcium homeostasis in cells. Since sorcin interacts with FMDV VP1 and modulates the cellular type 1 interferon response (20), we selected sorcin and explored its possible involvement in HCV propagation. To verify the protein array data, we first performed an in vitro binding assay using GST-tagged sorcin purified from E. coli cells and cell lysates expressing Myc-tagged NS5A. The results shown in Fig. 1B indicated that NS5A specifically interacted with sorcin. Coimmunoprecipitation data further demonstrated that NS5A selectively interacted with sorcin ( Fig. 1C) . Next, we investigated whether NS5A protein interacted with endogenous sorcin. Cell lysates harvested at 4 days after HCV RNA electroporation were immunoprecipitated with either control rabbit serum or an anti-NS5A antibody, and bound proteins were analyzed by immunoblotting with an anti-sorcin antibody. As shown in Fig. 1D , HCV NS5A interacted with endogenous sorcin. These data suggested that sorcin might colocalize with NS5A in HCV-infected cells. To investigate this possibility, Huh7.5 cells were either mock infected or infected with Jc1, followed by transfection with V5-tagged sorcin, and an immunofluorescence assay was performed. Results shown in Fig. 1E demonstrated that sorcin was dispersedly expressed in both the nucleus and the cytoplasm in mock-infected cells (upper panel), whereas sorcin and HCV NS5A were colocalized in the perinuclear region in Jc1-infected cells, as indicated by the yellow fluorescence. Furthermore, we verified that endogenous sorcin was colocalized with NS5A in Jc1-infected cells (Fig.  1F) . Colocalization of NS5A and sorcin was further verified by determining both Pearson's and Mander's coefficients. Collectively, these data suggest that NS5A specifically interacts with sorcin both in vitro and in vivo.
HCV NS5A interacts with sorcin through domain I of NS5A, and phosphorylation of the threonine residue 155 of sorcin is required for protein interaction with NS5A. To determine the region in NS5A responsible for sorcin binding, the interaction between sorcin and various deletion mutants of NS5A ( Fig. 2A ) was determined by a transfection-based coimmunoprecipitation assay. As show in Fig. 2B , sorcin interacted with domain I and with domains I and II but not with domains II and III. This result indicated that domain I was responsible for binding with sorcin. It has been previously reported that sorcin is phosphorylated by PLK1 and that phosphorylation at threonine residue 155 of sorcin is important for sorcin activity (16) . To examine whether phosphorylation at threonine residue 155 of sorcin was involved in protein interplay with NS5A, we constructed both phosphorylation-defective T155A and phosphomimetic T155D mutants (Fig. 2C) . Using both wild-type and sorcin mutants, we determined the binding capabilities of these mutants with NS5A. As shown in Fig. 2D , the phosphomimetic T155D mutant was capable of interacting with NS5A, whereas the T155A sorcin mutant no longer interacted with NS5A, indicating that the phosphorylation of threonine residue 155 in sorcin was required for the binding activity of sorcin with NS5A.
PLK1-mediated phosphorylation of sorcin is increased by NS5A. We next investigated whether phosphorylation of sorcin was also regulated by NS5A protein. For this purpose, HEK293T cells were cotransfected with Myc-tagged NS5A and either a V5-tagged wild-type sorcin or mutants of sorcin. Results shown in Fig.  3A indicate that phosphorylation levels of both the wild-type protein and the phosphomimetic T155D were highly increased by NS5A, whereas the phosphorylation level of the binding-defective sorcin mutant was slightly increased, indicating that phosphorylation of sorcin was also affected by NS5A. Since NS5A also interacts with PLK1 (26), we further examined the involvement of NS5A and PLK1 in the phosphorylation of sorcin. The experiment shown in Fig. 3B demonstrated that the phosphorylation level of sorcin was increased by NS5A (lane 2). However, the phosphorylation level of sorcin was unaffected by NS5A if PLK1 expression was knocked down (Fig. 3B, lane 3) . It was noteworthy that the interaction between NS5A and sorcin was also reduced by knockdown of PLK1. To investigate whether the phosphorylation level of sorcin was upregulated in the context of HCV replication, Huh7.5 cells were either mock infected or infected with Jc1 and then transfected with V5-tagged sorcin. As shown in Fig. 3C , the phosphorylation level of sorcin was elevated in Jc1-infected cells compared to that in mock-infected cells. To investigate whether endogenous sorcin was activated by phosphorylation during HCV infection, we performed a time course experiment using HCVinfected cells to analyze the phosphorylation status of sorcin. Although the phosphorylation level of endogenous sorcin was not profound compared with the level of ectopic expression of sorcin, endogenous sorcin was activated by phosphorylation during HCV infection, and the phosphorylation level of sorcin increased in a time-dependent manner (Fig. 3D) . Since sorcin is also phosphorylated by PLK1 (16), we investigated whether an interaction between sorcin and NS5A was affected by a PLK1 kinase inhibitor. Huh7.5 cells cotransfected with V5-tagged sorcin and Myc-tagged NS5A were either left untreated or treated with BI2536. As shown in Fig. 3E , the interaction between sorcin and NS5A was interrupted in PLK1 inhibitor-treated cells, further confirming that PLK1-mediated phosphorylation of sorcin was important for the interaction with NS5A. We further verified that the PLK1 inhibitor suppressed the phosphorylation of sorcin (Fig. 3E, bottom) . It has been previously reported that sorcin interacts with PLK1 (16) and that NS5A is coimmunoprecipitated with PLK1 (26) . By performing a coimmunoprecipitation assay using HEK293T cells cotransfected with V5-tagged sorcin, Flag-tagged PLK1, and Myctagged NS5A, we further demonstrated that both NS5A and PLK1 could be coimmunoprecipitated with sorcin, indicating that sorcin might have dual binding sites for both NS5A and PLK1 proteins (Fig. 3F) . These data suggest that NS5A may regulate sorcin activity by tethering sorcin in close proximity to PLK1 in HCVinfected cells.
Sorcin is required for HCV propagation. To investigate the functional involvement of sorcin in HCV propagation, Huh7.5 cells transfected with two different siRNAs targeting sorcin were infected with Jc1, and then both RNA and protein levels were determined. Knockdown of sorcin significantly suppressed the HCV RNA level (Fig. 4A, left panel) . Consistently, HCV protein expression levels were also impaired in sorcin knockdown cells (Fig. 4A, right panel) . To further investigate the role of sorcin in HCV propagation, naive Huh7.5 cells were infected with Jc1 harvested from the supernatant of the first infection (Fig. 4A) , and then both RNA and protein levels of HCV were analyzed. As shown in Fig. 4B , viral infectivity in the second infection was significantly decreased by knockdown of sorcin. To verify this result, we determined the 50% tissue culture infective dose (TCID 50 ) of HCV in sorcin knockdown cells. The data in Fig. 4C show that HCV infectivity was significantly decreased in sorcin knockdown cells. We further demonstrated that treatment of the same concentration of siRNAs displayed no cytotoxicity in Jc1-infected cells, indicating that the silencing effect was specific to sorcin (Fig.  4D ). To rule out the off-target effect of a sorcin siRNA, we generated an siRNA-resistant sorcin mutant. As shown in Fig. 4E , exogenous expression of the siRNA-resistant sorcin mutant, but not of wild-type sorcin, restored the HCV protein expression level (lane 4). Collectively, these data suggest that sorcin is required for HCV propagation. Sorcin is not involved in the replication and translation steps of the HCV life cycle. To examine which steps of the HCV life cycle were required for sorcin, Huh7.5 cells were transiently transfected with increasing amounts of sorcin expression plasmid together with pRL-HL and a ␤-galactosidase plasmid as we reported previously (23) , and then luciferase activity was determined. As shown in Fig. 5A , overexpression of sorcin had no effects on HCV IRES-dependent translation. To further explore if sorcin was involved in HCV replication, sorcin expression in Huh7.5 cells harboring HCV subgenomic replicon was impaired by knockdown of siRNAs, and both RNA and protein levels were analyzed. As shown in Fig. 5B , silencing of sorcin exerted no effect on intracellular HCV RNA and protein levels in subgenomic replicon cells derived from genotype 1b. We further verified the consistent results in subgenomic replicon cells derived from genotype 2a (Fig.  5C ). These data suggested that sorcin might be involved in other steps of the HCV life cycle.
Sorcin is required for the assembly or release stage of the HCV life. To investigate if sorcin was required for a later stage of the HCV life cycle, Huh7.5 cells were infected with the Jc1 virus for 4 h. At 48 h postinfection, cells were further transfected with either a negative siRNA or a sorcin-specific siRNA or with an apolipoprotein E (ApoE) siRNA as a control. Although the mRNA level of sorcin was significantly suppressed by siRNA treatment, the intracellular HCV RNA level was unaffected (Fig. 6A) . Consistently, the extracellular HCV RNA level was not influenced by knockdown of sorcin (Fig. 6B) . Interestingly, when naive Huh7.5 cells were infected with Jc1 harvested from the culture supernatant of the experiment shown in Fig. 6A , intracellular HCV RNA levels in the second infection were decreased by 60% in sorcin knockdown cells (Fig. 6C) , indicating that sorcin might be involved in virion assembly or release. To verify these results, intracellular HCV infectivity was determined. Huh7.5 cells infected with Jc1 were transfected with the siRNAs indicated in Fig. 6D . Either at 24 h or 48 h postinfection, cells were disrupted by repeated cycles of freezing and thawing. By infection of naive Huh7.5 cells with cellular supernatant, relative intracellular HCV infectivity was determined by qRT-PCR. As shown in Fig. 6D , intracellular HCV infectivity was significantly decreased in sorcin knockdown cells.
We further verified that the HCV protein level was similarly reduced by a second infection in sorcin knockdown cells (Fig. 6E) . These data suggested that sorcin might be involved in either the assembly or release stage of the HCV life cycle.
Sorcin is involved in the capsid assembly step of the HCV life cycle. To precisely investigate whether sorcin was involved in HCV assembly, a protease protection assay was performed as reported previously (25) . Huh7.5 cells infected with Jc1 were transfected with the siRNAs indicated in Fig. 7A . At 48 h after transfec- tion, cells were either left untreated, treated with proteinase K, or treated with Triton X-100 and proteinase K. The protease-resistant core protein level was then determined by immunoblot assay. In the negative-siRNA-treated cells, core protein was relatively resistant to protease digestion (Fig. 7A, lane 2) , suggesting that the core protein might acquire a membrane coat in Jc1-infected cells. Meanwhile, knockdown of sorcin displayed remarkable reduction of protected core protein (Fig. 7A, lane 5) , indicating that the core was highly sensitive to protease in the absence of sorcin. Since our siRNA-resistant sorcin mutant rescued the effect of sorcin knockdown in HCV propagation (Fig. 4E) , we asked whether protease sensitivity in sorcin knockdown cells could be reversed by expression of an siRNA-resistant sorcin mutant. For this purpose, Huh7.5 cells infected with Jc1 were transfected with the siRNAs indicated in Fig. 7B . At 24 h after siRNA transfection, cells were further transfected with an empty vector, an siRNA-resistant sor- cin mutant, and a phosphorylation-defective siRNA-resistant sorcin mutant plasmid. As shown in Fig. 7B , the core protein level in cells expressing the siRNA-resistant sorcin mutant (lane 8) was restored compared with that in vector transfected cells (lane 5). Nevertheless, cells expressing the phosphorylation-defective siRNA-resistant sorcin mutant were unable to recover the core protein level (Fig. 7B, lane 11) , indicating that phosphorylation of sorcin was involved in capsid formation. These data suggest that sorcin might be involved in the capsid assembly stage of the HCV life cycle.
Calcium-binding activity of sorcin is required for HCV propagation. Sorcin is a calcium-binding protein, and the calcium-binding domain contains eight ␣-helices (A to H) organized in five calcium-binding motifs (EF1-EF5). EF2 and EF3 are linked by helix D and have a high affinity with metal (27) . It has been previously reported that an F112L mutant of sorcin displays a marked decreased in Ca 2ϩ affinity (28) . We therefore asked if calcium-binding activity was required for HCV propagation. To explore this possibility, we first constructed an F112L sorcin mutant and examined its binding ability with NS5A by a coimmunoprecipitation assay. As shown in Fig. 8A , the calcium-binding-defective F112L sorcin mutant demonstrated an impaired interaction with NS5A compared to that of the wild-type sorcin (Fig. 8A , lane 6 versus lane 5). To further investigate the effect of the F112L mutation on HCV propagation, we mutated the phenylalanine residue at amino acid 112 to leucine using an siRNAresistant sorcin mutant as a template and named it sorcinResϩF112L. As demonstrated in Fig. 8B , knockdown of sorcin impaired HCV protein expression (lane 3), and transient expression of the siRNA-resistant sorcin mutant restored the HCV protein expression level (lane 4). However, the calcium-binding-defective F112L in the siRNA-resistant sorcin mutant was unable to restore the HCV protein expression level (Fig. 8B, lane 5) , indicating that sorcin with its calcium-binding affinity was required for HCV propagation.
DISCUSSION
NS5A is a pleiotropic protein and has been shown to play an essential role in viral replication. To identify host proteins interacting with NS5A, we recently employed protein array screening and identified approximately 90 human candidates as HCV NS5A interactors (22) . Since sorcin interacts with the VP1 protein of Huh7.5 cells were transiently transfected with increasing amounts of V5-tagged sorcin expression plasmid together with pRL-HL dual luciferase and a pCH110 ␤-galactosidase plasmid. At 48 h after transfection, relative luciferase activity was determined (bottom). BGH-pA denotes bovine growth hormone polyadenylation signal sequence. (B) Huh7.5 cells harboring an HCV subgenomic replicon derived from genotype 1b were transfected with the indicated siRNAs. At 72 h after siRNA transfection, both RNA (left) and protein (right) levels were analyzed by qRT-PCR and immunoblot assay, respectively. (C) Huh6 cells harboring an HCV subgenomic replicon derived from genotype 2a were treated as described for panel B, and both RNA (left) and protein (right) levels were determined. Positive, HCV-specific siRNA targeting the 5= nontranslated region (NTR) of Jc1; negative (or Neg), universal negative-control siRNA.
FMDV and regulates the host immune response (20) , we selected sorcin to explore its involvement in HCV propagation. Sorcin regulates intracellular calcium homeostasis (14, 15, 19) and plays a role in the induction of drug resistance in human cancers (18) . Sorcin is overexpressed in human cancer as an adaptive mechanism to prevent ER stress and escape apoptosis triggered by chemotherapeutic agents (19) . Inhibition of sorcin expression by sorcin-targeting RNA interference results in a decrease in drug resistance (18) .
In this study, a protein interaction between sorcin and NS5A was confirmed by both in vitro and coimmunoprecipitation assays. We verified that endogenous sorcin colocalized with NS5A in the cytoplasm of Jc1-infected cells. The interaction between sorcin and NS5A was mediated by domain I of NS5A. We further demonstrated that the phosphorylation status of threonine residue 155 in sorcin regulated binding activity of sorcin with NS5A. It has been reported that sorcin interacts with PLK1 in a calcium-dependent manner and is phosphorylated at threonine residue 155 by PLK1 (16) . Sorcin also induces PLK1 autophosphorylation to regulate kinase activity. It has also been reported that PLK1 physically interacts with NS5A and phosphorylates it and thereby indirectly regulates HCV replication (26) . Since sorcin is phosphorylated by PLK1 and since phosphorylation of sorcin is important for sorcin activity (16), we explored the possible involvement of the phosphorylation of sorcin in protein-protein interactions. Indeed, we demonstrated that phosphorylation at threonine residue 155 of sorcin played a crucial role in the interaction with the HCV NS5A protein. By using a PLK1 inhibitor, we further verified that PLK1-mediated phosphorylation of sorcin was required for the interaction with NS5A. Interestingly, the PLK1-mediated phosphorylation level of sorcin was increased by NS5A. In fact, we demonstrated that sorcin interacted with both NS5A and PLK1. All these data suggest that NS5A may regulate sorcin activity through PLK1 in HCV-infected cells.
We then explored the functional involvement of sorcin in HCV propagation. HCV infectivity was significantly decreased in sorcin knockdown cells. We demonstrated that sorcin was not involved in HCV replication and IRES-mediated translation. However, intracellular HCV infectivity was significantly reduced in sorcin knockdown cells, indicating that sorcin might be involved in the assembly or release step of the HCV life cycle. By protease protection assay, we indeed demonstrated that the HCV core protein was protected by cellular sorcin and thereby that sorcin played a crucial role in the envelopment of the viral core protein into membranes. We further showed that a phosphorylation-defective sorcin mutant was unable to protect the HCV core protein. Together, these data suggest that sorcin may be involved in the assembly or release step of the HCV life cycle. However, how the interaction between sorcin and NS5A affects HCV assembly needs further investigation. Using a genome-wide siRNA screen, Li et al. reported that sorcin was identified as an antiviral factor involved in a late step of the replication cycle of HCV (21) . Interestingly, our data showed that the expression level of ApoE was decreased in sorcin knockdown cells (Fig. 6E) and that transient expression of a sorcin-resistant mutant partially restored the ApoE level in sorcin knockdown cells (data not shown). Since ApoE likely is required for an intracellular maturation step of HCV particles (29), we hypothesized that sorcin might partially regulate HCV assembly and release via ApoE. Nevertheless, how sorcin and ApoE are interconnected in HCV assembly and release is not clear. Moreover, how sorcin is involved in the HCV life cycle remains largely undefined.
Since sorcin is a calcium-binding protein, we then investigated the effect of the calcium-binding activity of sorcin on HCV prop-agation. We showed that a calcium-binding-defective F112L sorcin mutant displayed impairment in an interaction with NS5A. Most importantly, a calcium-binding-defective sorcin mutant no longer played a positive role in HCV propagation. We further demonstrated that both phosphorylation and the calcium-binding activity of sorcin played a crucial role in protein-protein interactions. We reasoned that both the phosphorylation and calciumbinding sites are so closely located that phosphorylation of sorcin might regulate Ca 2ϩ -binding capability thorough conformational rearrangement. It has also been reported that sorcin interacts with the sarcoplasmic reticulum (SR) Ca 2ϩ -ATPase and modulates excitation-contraction coupling in the heart by activating Ca 2ϩ uptake (13) . Furthermore, sorcin is phosphorylated at serine 178 by PKA, and PKA phosphorylation of sorcin increases Ca 2ϩ sensitivity and translocates sorcin to the SR (13). Since the Ca 2ϩ level in the ER regulates virus maturation and cellular localization of viral proteins in human immunodeficiency virus (30) and rotavirus (31) , HCV may regulate the calcium affinity of sorcin to facilitate virus propagation. However, further studies are needed to elucidate the precise role of sorcin in HCV propagation.
